Epithelial-mesenchymal transition (EMT), a crucial event occurring during epithelial and mesenchymal repair, was reported to be a possible mechanism for airway remodelling. Our previous work showed that the expression of catenin alpha-like 1 (CTNNAL1) was down-regulated in the bronchial epithelial cells of asthmatic models and played a vital role in airway epithelial wound repair. The aim of this study was to investigate the effect of CTNNAL1 on airway EMT. 
INTRODUCTION
Bronchial epithelial cells are the first line of defence against microorganisms, gases, allergens and worldwide environmental hazards.
Air pollution with ozone, a common oxidative stressor in the airway, has been shown by many studies to cause airway epithelial shedding and asthmatic symptoms such as airway inflammation and airway hyper-responsiveness (Liu et al., 2010; Xiang et al., 2008) .
Compared to healthy individuals, the airway epithelia of asthma and chronic obstructive pulmonary disease patients are more likely to activate an abnormal interstitial repair process in response to daily injury due to defective epithelial repair and dysregulation of structural and functional homeostasis (Inoue et al., 2015 to the pathogenesis of airway inflammation and airway remodelling, which are thought to be the key factors most closely associated with the incidence and prognosis of asthma. In some cases of asthma, the bronchial epithelial cells may undergo EMT and play a pivotal role in subepithelial myofibroblast recruitment and airway inflammation (Hackett et al., 2009 (Hackett et al., , 2013 Heijink, Postma, Noordhoek, Broekema, & Kapus, 2010; Liu et al., 2017) . Therefore, clarifying the events of EMT in bronchial epithelial cells in response to harmful stresses may provide insights for improving therapeutic options for asthma.
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New Findings

• What is the central question of this study?
What is the effect of catenin alpha-like 1 (CTNNAL1), an asthma-related epithelial adhesion molecule that plays a vital role in airway epithelial wound repair, on airway epithelial-mesenchymal transition?
• What is the main finding and its importance?
CTNNAL1 inhibits ozone-induced airway epithelialmesenchymal transition features, mediated by repressing the expression of Twist1 mRNA and reducing TGF-1 levels. These findings contribute to our understanding of the pathology of airway EMT and may indicate a possible therapeutic target for airway remodelling in bronchial asthma.
In our preliminary research, we found that the epithelial adhesion gene catenin alpha-like 1 (CTNNAL1) was significantly down-regulated in both the peripheral leukocytes of asthma patients and the bronchial epithelium of an ovalbumin-stressed asthmatic mouse model.
Furthermore, CTNNAL1 expression levels were highly correlated with airway resistance (Xiang et al., 2008) . Finally the expression of CTNNAL1 in cultured human bronchial epithelial cells (HBECs) markedly increased in response to the application of acute ozone stress for 30 min (Xiang et al., 2012) . Our findings demonstrate the protective effects of CTNNAL1 on the cellular integrity and functional stability of airway epithelial cells.
In general, injured epithelial cells undergo EMT to lose their junctions and apical-basal polarity so that the motility and/or deformability of individual cells can be increased to promote cell proliferation, migration and invasion. Although the factors involved in regulating EMT are still incompletely defined, it is generally accepted that the dynamic changes in epithelial adhesion contacts are closely tied to maintaining the progression of EMT (Huang, Guilford, & Thiery, 2012) . As a novel adhesive protein with extensive homology tocatenin, CTNNAL1 plays a role similar to that of -catenin as a matchmaker in connecting the E-cadherin (E-cad)--catenin complex to the actin cytoskeleton (Kobielak & Fuchs, 2004; Park et al., 2002) .
Moreover, CTNNAL1 is one component of a Rho GTPase signalling complex. Rho GTPases regulate actin rearrangement as well as the formation of cell-cell junction complexes (Bear et al., 2016; Merdek & Nguyen, 2004) . Therefore, we hypothesized that CTNNAL1 may modulate the progression of EMT induced by ozone exposure in airway epithelial cells.
To test this hypothesis, we cultured stably transfected HBEC lines (CTNNAL1 knockdown or overexpression) previously constructed in our laboratory and identified EMT phenotypic features in a novel ozone-stressed EMT HBEC model. We also verified the role of CTNNAL1 silencing in ozone-induced airway EMT in primary mouse airway epithelial cells using a CTNNAL1-specific siRNA. We further assessed the expression of several transcriptional repressors and endogenous levels of transforming growth factor 1 (TGF-1). As a result, we found that ozone exposure for four consecutive days induced phenotypic features of EMT in airway epithelial cells as well as high mRNA expression of Snail and Twist1 and increased the level of TGF-1. CTNNAL1 knockdown alone was sufficient to trigger a molecular EMT phenotype, whereas overexpression of CTNNAL1 helped prevent the ozone-induced features of EMT. We propose that CTNNAL1 contributes to EMT reversal by repressing mRNA expression of the transcriptional repressor Twist1 and reducing the autocrine release of the profibrogenic cytokine TGF-1.
METHODS
Ethics approval
All animal studies and cell experiments were performed under strict governmental and international guidelines, and approved by the Ethics Committee of Xiangya Hospital of Central South University (No: 201803246) . All procedures conformed to the principles and regulations as described by relevant guidelines (Grundy, 2015) .
Cell culture, animal care and primary cell preparation
The HBEC cell line 16HBE14o− was a kind gift from Prof. Gruenert, University of California San Francisco (Gruenert, Finkbeiner, & Widdicombe, 1995) . Overexpression and silencing of CTNNAL1 in HBEC lines was induced by stable transfection. We obtained 3T3 cells from the Cell Resource Centre at Central South University (Changsha, China). These cells were cultured at 37 • C in 5% CO 2 in high-glucose Dulbecco's modified Eagle's medium (DMEM) containing 100 U ml −1 penicillin, 100 U ml −1 streptomycin, and 10% fetal bovine serum (FBS). In addition, the medium for stably transfected HBEC lines was supplemented with 200 g ml −1 G-418 sulphate. Sixteen male BALB/c mice, aged 6-8 weeks, weight 15-20 g (from the Laboratory Animal Centre of Central South University, China) were held under specific pathogen-free conditions in groups of four to eight per cage. Natural dark and light cycles (12 h) were maintained in each cage, along with standard feed and water ad libitum. On the day of tracheas isolation, animals were weighed and anaesthetized using an overdose of pentobarbital (150 mg kg −1 I.P. injection; CAS 57-33-0, Sigma-Aldrich, St Louis, MO, USA). After injection, mice gradually turned from excited to quiet, and we determining death after the infusion by the observation of respiratory and cardiac arrest, and fixed, widely dilated pupils. The animal carcasses were sprayed with 70% ethanol solution to sterilize the field. Then, the skin around the tracheal area was removed using clean surgical scissors and scalpel, and the trachea was exposed. Tracheas were aseptically removed, collected and sliced longitudinally with a sterile scalpel for better exposure to enzyme solution. Finally, the animal carcasses were frozen at −80 • C for subsequent deep burial. Primary mouse airway epithelial cells were prepared according to a previously published procedures (Brockmanschneider, Amineva, Bulat, & Gern, 2008) . Tracheas were transferred to tubes containing minimum essential medium (MEM) (20 ml) with pronase (1.4 mg ml −1 , Sigma-Aldrich, 10165921001) and deoxyribonuclease I (0.1 mg ml −1 , Sigma-Aldrich, D5025) and incubated at 4 • C overnight. The next day, 10% FBS was added to stop the action of the protease. Tracheas were discarded, and the cell-containing supernatants were centrifuged, resuspended, and transferred to an uncoated 24-well culture plate in a complete medium consisting of DMEM/F12 containing penicillin, streptomycin, 5% FBS, insulin (120 U l −1 ), and 1× non-essential amino acids. Cells were incubated for 3 h to remove fibroblasts through differential adherence. Epithelial cells were then collected and transferred to collagen-coated, 75 cm 2 flasks and incubated at 37 • C in 5% CO 2 . Cell culture reagents were purchased from Thermo Fisher Scientific (Waltham, MA, USA). 
Small interfering RNA synthesis and transfection
Cell model of EMT
Cells were passaged at 80% confluence using 0.05% trypsin (Thermo Fisher Scientific), seeded into coated six-well plate at a density of 1-2 × 10 5 cells per well and grown until they reached approximately 50-60% confluence for experimentation. Cells were exposed to 1.5 ppm ozone for 30 min day −1 for 4 days under culture conditions. Ozone was generated by a commercial ozonator (Model LT-100, Litian, Beijing, China). 
Co-culture assay
Wound-healing assay, live-imaging and analysis
Primary mouse airway epithelial cells pre-transfected with siRNA vector, with or without ozone exposure (1.5 ppm, 30 min day −1 , 4 days), were allowed to reach 100% confluence followed by 24 h of starvation.
A mechanical scrape injury was induced by creating a wound with a p200 pipette tip across the wells, which were then washed and replenished with starvation medium (DMEM containing 1-2% FBS).
Wound closure was observed with real-time tracking and examined with an automated time-lapse microscope (Cell Observer System, Zeiss, Göttingen, Germany) equipped with a temperature and CO 2 control chamber. Digitized images of three representative areas per well were captured every 30 min by matching the wounded region until the wound completely closed. Every 4 h for a total of 24 h, the edge of wound was determined, and the remaining wound area was calculated and analysed using ImageJ software (Image-Pro Plus, Version 7.0). The speed of cell repair was equal to the absolute value of the slope of the wound area measured over time.
Real-time PCR analysis
TRIzol R reagent was used to extract total RNA from lung tissues, 
Western blot analysis
Whole cell lysates were prepared from CTNNAL1-silenced or 
CTNNAL1-overexpressing
TA B L E 1 List of primers used for real-time PCR analysis
Gene Primer sequence
HPRT, hypoxanthine-guanine phosphoribosyltransferase;
-SMA, -smooth muscle actin. 
Immunocytochemistry
Lung tissues and cells were fixed in cold 4% paraformaldehyde for 10 min and then incubated for 30 min with 0.3% hydrogen peroxide in methanol to inactivate the HRP. The cell membranes were then partly lysed using 0.2% Triton X-100 in phosphate-buffered saline (PBS) for 10 min. Next, the cells were incubated at 4 • C overnight with primary antibodies against -SMA (1:600, Abcam, ab119952), E-cad (1:250, Abcam, ab119952) and CTNNAL1 (1:200, Abcam, ab96184) diluted in PBS containing 5% BSA. After washing three times in PBS, the cells were incubated for 20 min with peroxidase-labelled polymer conjugated to anti-mouse or anti-rabbit immunoglobulin (1:500, Boster Bio-technology Co. Ltd, Wuhan, China). The reaction was visualized using AEC Peroxidase Substrate kit and haematoxylin (Boster Bio-technology), and the slides were then dehydrated with absolute alcohol. PBS was used as a negative control for primary antibody staining. Images were acquired using a Zeiss LSM710 confocal microscope (Carl Zeiss, Jena, Germany).
Immunofluorescence
Cells with or without ozone stress (30 min day −1 , 4 days) were fixed with 4% paraformaldehyde for 15 min at room temperature, washed twice, then permeabilized with 0.5% Triton X-100 in PBS for 5 min.
Cells on slides were incubated with phalloidin (tetramethylrhodamine isothiocyanate-phalloidin, 1:200 dilution, from Yeasen Bio-technology Co. Ltd, Shanghai, China) for 30 min at room temperature. Stained samples were treated with 4 ′ ,6-diamidino-2-phenylindole (SigmaAldrich) for 2 min. Images were acquired using a Zeiss LSM710 confocal microscope (Carl Zeiss).
Cytoskeleton stiffness measurement
The stiffness of primary mouse airway epithelial cells was probed using optical magnetic twisting cytometry (OMTC). The details of this method have been described elsewhere (Deng, Fairbank, Fabry, Smith, & Maksym, 2004) 
Cell proliferation assay
Cells were seeded in a 96-well assay plate at a density of 10 4 cells per well (0.1 ml per well) and starved for 24 h to synchronize cell growth. Next, 100 l of 0.5% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) solution was added to each well, and the cells were incubated at 37 • C for 4 h. Then, the supernatants were removed, and dimethyl sulfoxide was added to each well. The mixture was shaken for 10 min to dissolve the crystals. The OD of each well solution was determined at 570 nm by using an automatic microplate reader (Elx800, Thermo Fisher Scientific)
Assessment of collagen synthesis
Hydroxyproline levels in the supernatants of co-cultured 3T3 cells were assessed using a hydroxyproline kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instructions.
ELISA
Levels of the cytokine TGF-1 in the supernatants of CTNNAL1-silenced or CTNNAL1-overexpressing HBECs, primary mouse airway epithelial cells and co-cultured 3T3 cells were determined by enzyme-linked immunoabsorbant assay (ELISA) according to the manufacturer's protocols (Sigma-Aldrich)
Statistical analysis
All statistical analyses were performed by Prism v5.01 software (Graph-Pad Software, San Diego, CA, USA). Data are presented as the mean values ± 1 standard deviation (SD) from three to six representative experiments. Each experiment was repeated three times. Student's t test was used to analyse significant differences between two groups. Differences in multiple comparisons were determined by Student-Newman-Keuls multiple analysis following one-way ANOVA. P values < 0.05 were assumed to denote statistical significance.
RESULTS
Ozone-induced phenotypic EMT features in bronchial epithelial cells
As shown in Figure 1a 
CTNNAL1 knockdown promotes a molecular EMT phenotype in ozone-stressed HBECs
EMT, a process involving the breakdown of cell-cell junctions and loss of epithelial polarity, is widely considered to be a crucial biological event during the injury repair process. Based on our previous work, which showed that CTNNAL1 participated in the stress response and repair/proliferation processes in HBECs, we hypothesized that CTNNAL1 also plays an active role in EMT.
As shown in Figures 1a,b and 2a, CTNNAL1 expression was significantly down-regulated after ozone exposure for 4 days. Next, we asked whether CTNNAL1 knockdown alone or in combination with ozone exposure induced EMT in HBECs. We cultured a stably transfected, CTNNAL1-knockdown HBEC line previously constructed in our laboratory and stressed the cells with ozone for four consecutive days (Figure 2b,c) . The vector pGCU6/Neo/RFP was used as a control. 
CTNNAL1 overexpression prevents a molecular EMT phenotype in ozone-stressed HBECs
To better understand the association between CTNNAL1 and EMT, we overexpressed CTNNAL1 in HBECs (Figure 2b ,c) and explored the possible protective effect of CTNNAL1 on EMT marker expression.
As shown in Figure 2d ,f, CTNNAL1 overexpression, either alone or in combination with ozone exposure, induced markedly higher expression of E-cad and CK-19 but lower expression of Vim and -SMA than control treatment (pcDNA3.1),
CTNNAL1 silencing promoted EMT features in ozone-stressed primary mouse airway epithelial cells
To further study the role of decreased CTNNAL1 in ozone exposureinduced EMT, CTNNAL1-specific siRNA was transfected into primary mouse airway epithelial cells to silence CTNNAL1 expression. Figure 3a shows that this specific siRNA reduced CTNNAL1 mRNA expression in a concentration-dependent manner in primary mouse airway epithelial cells 48 h after transfection with an effective concentration of 25 nM.
To maximize gene silencing while minimizing cytotoxicity, we decided to transfect siRNA at a concentration of 25 nM in subsequent experiments. Figure 3b shows that the expression of CTNNAL1 in primary mouse airway epithelial cells was significantly inhibited 24-96 h after transfection of 25 nM anti-CTNNAL1 siRNA. siRNA significantly disrupted the continuity of peripheral F-actin fibres (yellow arrows in Figure 3d ). In addition to showing discontinuous pheripheral F-actin fibres, cells subjected to both CTNNAL1 silencing and ozone exposure exhibited numerous filopodia (green arrows in Figure 3d ) and diffused punctiform structures of fibres in the cell body (yellow arrows and triangles in Figure 3d ). Moreover, we used OMTC, a well-established method for studying cytoskeleton mechanics, to analyse the effect of CTNNAL1 on cell stiffness (Fischer & Agrawal, 2014) . As shown in Figure 3e , the normalized stiffness 
Impact of CTNNAL1 silencing on wound repair and the proliferation of primary mouse airway epithelial cells
To determine whether CTNNAL1 silencing and repeated ozone exposure affect airway repair, we used a wound-healing assay with mechanical injury to observe the repair activity of primary mouse airway epithelial cells pre-treated with CTNNAL1-specific siRNA with or without ozone exposure for 4 days. As shown in Figure 4b , repeated ozone exposure markedly promoted wound repair in primary mouse airway epithelial cells, both in the control group (nonsense siRNA+ozone) and the CTNNAL1-silenced group (CTNNAL1 siRNA+ozone). However, the repair speed in the group subjected to CTNNAL1 siRNA alone was accelerated only during the period from 12 to 24 h. Furthermore, the cell proliferation of primary mouse airway epithelial cells slowed slightly after treatment with CTNNAL1 siRNA, and this inhibitory effect was further amplified by ozone treatment (Figure 4a ).
Effect of CTNNAL1 silencing on co-cultured lung fibroblasts
To investigate the role of CTNNAL1 silencing in functional changes in lung fibroblasts, we co-cultured primary mouse airway epithelial cells and 3T3 cells and observed cell proliferation, collagen synthesis and cytokine release (TGF-1) in the 3T3 cells. As shown in Figure 5a c, both CTNNAL1 siRNA and ozone exposure significantly increased The relative expression level of each gene measured by real-time PCR analysis was normalized to GAPDH mRNA. Band intensity was normalized to -actin and is shown as the fold-change over the control. Values shown are the mean ± SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (untreated HBECs, pcDNA3.1 or pGCU6/Neo/RFP); # P < 0.05, ## P < 0.01, ### P < 0.001 vs. control (CTNNAL1 or silenced-CTNNAL1); + P < 0.05, ++ P < 0.01, +++ P < 0.001 vs. ozone (pcDNA3.1 or pGCU6/Neo/RFP) cell proliferation, collagen synthesis and TGF-1 release in co-cultured 3T3 cells. Co-culturing with primary mouse airway epithelial cells that were simultaneously ozone-stressed and CTNNAL1-silenced increased these functional changes (16.6% for proliferation, 88.1% for collagen synthesis and 88.2% for TGF-1 release). exposure. PCR values were normalized to hypoxanthine guanine phosphoribosyl transferase (HPRT) mRNA. Data represent the mean ± SD (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (nonsense siRNA); NS, not significant; + P < 0.05 vs. control (CTNNAL1 siRNA)
Effect of
Anti-EMT effect of CTNNAL1 is mediated by TGF-1
Since TGF-1 signalling is involved in several biological processes involved in EMT (Meng, Nikolic-Paterson, & Lan, 2016), we next investigated the concentration of TGF-1 in ozone-stressed HBECs.
As shown in Figure 7a ,c, ozone exposure for 4 days induced a significant increase in TGF-1 in airway epithelial cells. CTNNAL1 knockdown alone also induced higher levels of TGF-1 (50%) than control treatment, and this effect was further increased (98.3%) when 
DISCUSSION
Hyperactive EMT is a significant cellular event that is considered to be the mechanism responsible for abnormal interstitial repair and airway remodelling. In this study, we showed that repeated ozone exposure caused a significant increase in EMT features, including EMT During the process of EMT, physical changes in mensenchymal-like epithelial cells include a decrease of E-cad expression and induction of the mesenchymal marker -SMA (Hay, 1995; Zeisberg & Neilson, 2009 ). The mesenchymal protein -SMA is incorporated into fibroblast stress fibres, where it increases cellular contractility, and the upregulation of -SMA expression in epithelial cells is critical to subepithelial remodelling (Scanlon, Van Tubergen, Inglehart, & D'Silva, 2013) . In addition to the major players, E-cad and -SMA, the genes that encode cytoskeleton and polarity complex proteins such as Vim and CK-19 have also been found to contribute to EMT together with rearrangement of the cytoskeletal architecture (Lamouille, Xu, & Derynck, 2014) . In the present study, we found that both ozone exposure for 4 days and silencing CTNNAL1 expression decreased E-cad and CK-19 expression, increased -SMA and Vim expression and caused a mesenchymal-like reorganization of F-actin fibres in airway epithelial cells (Figures 1 and 3 ). In addition, we used OMTC to investigate a cell mechanical property (cytoskeleton stiffness) and characterize EMT physical features. Cytoskeleton stiffness is determined by the cytoskeletal structure and thus is an easily measurable indicator to quantify the EMT-associated reorganization of F-actin (Pawlizak et al., 2015) . We found that the cytoskeleton stiffness in airway epithelial cells markedly decreased after repeated ozone exposure and/or co-treatment with CTNNAL1 knockdown (Figure 3e ). The development of thick perinuclear stress fibres is closely associated with cellular elongation and contractility, which suggests a higher potential for cell deformation to escape harmful environmental stresses (Beli, Mascheroni, Xu, & Innocenti, 2008) .
Changes in cell mechanical properties may promote cell spreading and invasion (Gavara & Chadwick, 2016) . The low cytoskeleton stiffness observed in our study may be associated with the morphological Factin fibre reorganization shown in Figures 1d and 3d. Previous reports have described a group of transcriptional repressors that regulate the progression of EMT. These proteins bind to the promoter regions of genes associated with cell-cell adhesion and repress their transcription. For example, these proteins may bind E-boxes in the promoter of the E-cad gene and actively repress its expression, which is the key initiating step of EMT (Gonzalez & Medici, 2014) . Our experiments indicate that both Snail1 and Twist1 mRNA expression in airway epithelial cells significantly increased in response to the ozone stress. However, only Twist1 was required for the modulatory effect of CTNNAL1 on ozoneinduced EMT in airway epithelial cells (Figure 6 ). Twist1 meditates the inhibition of RhoC, which has a well-established role in cytoskeleton reorganization (Clark, Golub, Lander, & Hynes, 2000) . Notably, alteration of CTNNAL1 in HBECs altered EMT molecular marker expression, demonstrating that CTNNAL1 expression is required for the expression of cytoskeleton-related proteins, particularly CK-19 and -SMA. CTNNAL1 is a cytoskeletal linker protein, and its N-terminal region can bind -catenin, talin and -actin, whereas its C-terminal region contains potential binding sites for the tight junction protein ZO-1 and the actin cytoskeleton (Janssens, Staes, & Van, 1999; Zhang et al., 1998) . CTNNAL1 has been suggested to be a part of the Rho signalling pathway, serving as a scaffold protein for Lbc, a member of the dbl family of Rho guanine nucleotide exchange factors (Dutt, Nguyen, & Toksoz, 2004; Park et al., 2004) . CTNNAL1 has been shown to play important roles in apoptotic resistance, mobility, invasion and EMT in cancer cells (Zhang et al., 2016) . Although these findings suggest that CTNNAL1 may represent a key driver of EMT in cancer progression and promote metastasis, there have been no studies establishing the role of CTNNAL1 in fibrosis-associated EMT in normal tissue and cells in response to injury. Considering the decrease in cell proliferation associated with EMT, we have shown in this work that both ozone stress and CTNNAL1 silencing individually promote repair activity in the later stages of the wound-repair process (Figure 4 ).
The foundational physiological characteristics of bronchial epithelial cells include well-developed apical-basal polarity and intercellular contacts. In asthma, due to the increased susceptibility to daily stressors and/or improper repair, the bronchial epithelium shows evidence of damage with loss of columnar cells from their basal cell attachments (Takizawa, 2005) . EMT initiation likely depends on the reassembly of intercellular adhesive structures in the epithelial cells (Avdalovic et al., 2012; Huang et al., 2012) . It is reasonable to assume that following repeated ozone injury, decreased CTNNAL1 expression is critical for the loss of junctions and apical-basal polarity as well as architectural rearrangements that increase the motility and/or deformability of individual epithelial cells to enable injured cell spreading and migration to the wound (Figure 4) . However, the combined treatment of repeated ozone exposure and CTNNAL1 knockdown may destroy essential intercellular contacts and disrupt the structural integrity of F-actin fibres (as shown in Figure 3d , the amount of diffused punctiform structures of fibres in the cell body).
We found that the ozone exposure treatment markedly enhanced the effect of CTNNAL1 knockdown on the down-regulation of epithelial markers, whereas ozone exposure did not significantly affect the up-regulation of mesenchymal markers ( -SMA and Vim) or the promotion of wound-repair activity (Figures 2-4) Many lines of evidence indicate that EMT may be controlled by TGF-1, an important pathogenic factor involved in fibrosis remodelling (Meng et al., 2016; Zavadil & Bottinger, 2005) . Here, we found that both ozone exposure and CTNNAL1 silencing induced the production of TGF-1 in the bronchial epithelial cells (Figure 7 ). By using a co-culture system of airway epithelial cells and lung fibroblasts,
we assessed the functional features of subepithelial fibroblasts, including cell proliferation, collagen synthesis and TGF-1 release, to determine whether they were promoted following either ozone stress or decreased CTNNAL1 expression. Lung fibroblasts are known to contribute to the formation of subepithelial fibrosis, increase airway responsiveness and promote airway remodelling (Ball, Mann, Wilson, & Fisher, 2015) . Moreover, an artificial overexpression of CTNNAL1 in HBECs significantly reversed the increase in TGF-1 levels, indicating that the anti-EMT (inhibition of subepithelial fibrosis) effect of CTNNAL1 may be dependent on the suppression of TGF-1.
In our previous work, we showed that the expression of CTNNAL1 is up-regulated in the bronchial epithelial cells in response to acute ozone exposure (30 min) and that CTNNAL1 plays a vital role in airway epithelial wound repair (Xiang et al., 2008 (Xiang et al., , 2012 . However, in the current study, CTNNAL1 was markedly down-regulated in HBECs in response to repeated ozone exposure (30 min day −1 for 4 consecutive days). Our findings indicate that the up-regulation of CTNNAL1 expression in injured HBECs in response to acute stress promotes its protective effect on the cellular integrity and functional stability of airway epithelial cells. Conversely, decreased CTNNAL1 expression resulting from repeated injury suggests a disruption of epithelial polarity and cytoskeletal architecture that drives the activity of EMT and further promotes fibrosis remodelling. In the current study, CTNNAL1 knockdown alone was sufficient to trigger EMT features in both cultured HBECs and primary mouse airway epithelial cells, whereas an artificial overexpression of CTNNAL1 in HBECs significantly prevented the progression of ozone-induced EMT (Figures 2 and 3 ).
Taken together, our present findings revealed the effect of CTNNAL1 on molecular EMT phenotypes in a HBEC model of ozone-induced EMT. Further evaluation will be required, including both in vitro and in vivo longitudinal studies in animals models, to assess the modulatory effect of CTNNAL1 on EMT-associated cytoskeletal rearrangement and to confirm a definitive causative link between CTNNAL1 and molecular signalling pathways, especially the Rho-ROCK signalling pathways (Bear et al., 2016; Wiesner et al., 2008) . Nevertheless, our findings suggest a possible modulatory mechanism of EMT in the airway by which CTNNAL1 may exert at least some of its reversible functions. This work may improve our understanding of the pathogenesis of bronchial asthma and provide insights to improve airway remodelling therapeutics for this disease.
